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Variations  in the size  of red blood cells  and in their  hemoglobin 
content  are  striking  and  important  fcaturcs  in  various  types  of  anemia 
in  human beings.  In  many instances  these  variations  are  sufficiently 
distinctive  to be of importance in diagnosis  and treatment.  In cer- 
tain  types  of  anemia the red cell  is  small  and its  hemoglobin contcnt 
is  Icss  than  normal,  whereas  in  others  the  erythrocytc  is  largc  and  con- 
tains  more  than  the  normal  amount  of  pigmcnt.  Furthermore, during 
thc  treatment of  macrocytic anemia,  the  averagc  cell  may change  dur- 
ing therapy from a macrocytc to one smaller  than normal, and the 
hemoglobin content of  the cell  instead  of being  greater  may becomc 
less  than  normal.  These  variations  indicatc  the  necessity  of  an  altera- 
tion  of  therapy,  involving  a shift  from one stimulating  to cell  stroma 
formation  to  one  productive  of  an  increase  in  blood  pigment (I).  The 
bone marrow  changes during thcse  cellular  alterations  have been 
studied  in  pernicious  anemia  by  Peabody (2),  and  in  sprue  anemia  by 
Rhoads  and  Castle  (3).  Very  little  is  known of  the  actual  mechanism 
involved  in thc alterations  of cell  sizc.  It has seemed important to 
study in greater  detail  the production of such alterations. The 
method chosen was to increase  the available  body supply of blood 
pigment in animals rendered anemic by bleeding. 
It  is  frequently  stated  that  blood regeneration  takcs  placc  less  rap- 
idly  after  cxtcrnal  hemorrhage than after  destruction  of  red  blood  cor- 
puscles  has  occurred  within  the  body.  This  observation  has  been  con- 
firmed experimentally  by the work of McMaster and Haessler  (4). 
They  produced  an  ancmia  in  rabbits  and  observed  that  the  hemoglobin 
loss  was  replaced  more  rapidly  if  thc  animals  were  given  subcutancous 
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injections of hemoglobin.  They also  demonstrated  an  extensive in- 
crease  in  the  hematopoietic  portion  of  the  bone  marrow  in  these 
animals.  They concluded that  the  factor which determines the in- 
crease in amount of the red bone marrow during anemia is the presence 
in the body of hemoglobin or its precursor in an amount greater than 
that which can be utilized by the existing active marrow.  Whipple 
and his  coworkers  (5)  studied dogs with  chronic  severe  posthemor- 
rhagic anemia.  They found that if a stroma-free solution of hemoglobin 
were administered intravenously or intraperitoneaUy to these dogs, 80 
to  90  per  cent  of the  hemoglobin  injected  was  recovered in  newly 
formed red cells.  In neither of these experiments were observations 
of changes in cell size or in cell hemoglobin content reported. 
The present paper is a  study of the erythrocytes of the peripheral 
blood and  of erythropoiesis in rabbits  rendered anemic by repeated 
bleeding.  Certain of the animals were treated with subcutaneous in- 
jections of a  stroma-free hemoglobin solution.  Particular  attention 
was paid to the size and hemoglobin content of the red blood cells. 
The marrow alterations  in these animals  were also  studied in detail 
with  a  view  to  explaining,  if  possible,  the  mechanism  operative in 
bringing  about  the  observed  changes  in  the  cells  of  the  peripheral 
blood. 
Methods 
Twenty rabbits were rendered anemic by almost daily bleedings by the method 
of cardiac puncture.  The hemoglobin level in all the animals was brought as near 
to 50 per cent as was possible.  This could be done only by varying the amount 
of blood removed and the frequency of the bleedings in the individual animals. 
The rabbits were divided into two groups.  Subcutaneous injections of a stroma- 
free hemoglobin solution were given daily to the animals of the first group.  Ani- 
mals of the second group received no hemoglobin injections and served as controls. 
This hemoglobin solution was prepared from rabbit blood by the method of Sell- 
ards and Minot  (6).  The amount of hemoglobin injected was always in excess 
of the amount present in the blood removed by cardiac puncture.  Hence this 
injection was regarded not only as a matter of replacement of hemoglobin removed, 
but also as a means of increasing the amount of available blood pigments.  The 
content of hemoglobin in the solution injected varied from 120 to 140 per cent as 
determined by the Sahli acid hematin method.  The amounts injected each day 
varied from 15 to 25 cc., depending on the amount of blood removed on that day. 
If no bleeding  was  performed, neverthdess 15 cc, of hemoglobin  solution  were 
injected. D.  K. MILLER  AND  C. P. RIIOADS  335 
Erythrocyte counts, hemoglobin determination, and measurements of the mean 
corpuscular volume were made on alternate days on all the rabbits.  The red cells 
were counted by the usual method using pipettes  certified for accuracy by the 
United  States Bureau  of Standards.  The hemoglobin was determined by  the 
Sahli acid hematin method using calibrated tubes and standards.  Determinations 
of the mean corpuscular volume (M. C. V.) were made with the Wintrobe hemato- 
crit tube  (7).  From data so obtained the  color index and  the M.  C.  V.  were 
calculated. 
It was possible to continue the experiment as projected for approximately 6 
weeks.  Several  of the rabbits of each group had lived for 9 weeks when the experi- 
ment was terminated.  Necropsies were performed on all the animals.  Micro- 
scopical studies of the femoral bone marrow were made on tissue fixed in Zenker's 
fluid with acetic acid.  The sections were stained with eosin and methylene blue. 
EXPERIMENTAL 
Maintenance of Anemia 
In Text-fig. 1 are presented for both groups of animals the average 
total volumes of blood and of cells removed weekly per animal.  Dur- 
ing the first 2 weeks approximately equal volumes of blood and cells 
were removed from all the animals.  In order to maintain the hemo- 
globin level at about 50 per cent it was necessary after the 2nd week to 
increase  the  mount  of  blood  removed  from  the  treated  animals. 
During the 3rd week for the treated series the  average total amount 
of blood removed per animal was 45 cc., during the 4th week 70 cc., 
the 5th week 85 cc., and the 6th week 110 cc.  Thus the average total 
amount of blood removed over the period of 6 weeks from each of the 
treated animals was  390  cc.  The average total amount of cells re- 
moved closely paralleled the amount of blood withdrawn.  In order 
to maintain the level of hemoglobin of the control animals at about 50 
per cent, it was not necessary to subject them to such a  great blood 
loss.  Consequently,  the average totalvolume of blood removed weekly 
from  each  of  the  control  animals  fell  sharply  after  the  2nd week. 
During the 3rd week this amount was 25 cc., for the 4th week 43 cc., 
the 5th week 30 cc., and the 6th week 26 cc.  Thus the average total 
volume of blood removed over a period of 6 weeks from each control 
animal was 204 cc.  The average total volume of cells closely  paralleled 
the volume of blood removed. 
These figures show  that  in  order to maintain  a  similar  grade  of 336  ERYTHROPOIESIS AND  ERYTHROCYTE  SIZE 
anemia in the animals of the two groups, it was necessary to subject 
the treated animals to a much greater loss of blood than was required 
in the control group:  It seems clear, therefore, that in the treated 
animals erythropoiesis proceeded at a  much more rapid rate than in 
the controls. 
Cc.  Cc. 
blooC  cells 
i15 
32 
105  30  - 
26"  I 
95  i"  26 
1 
8~  24 F 
22" 
"/5 
20- 
05  18  [- 
16" 
55  ~- 
45  12 
I0' 
35 
25  614 
~qeel~  I 
T~eated 
:  :  Cc.  l~iood 
o--.-.--o  '  cells 
Controls 
• ....  •  c .btoo  
'  cells 
\  Z/~'-.',, 
2  3  4  5  8 
TExT-Fzo. 1. The average total volumes of blood and of ceils removed weekly 
per animal. 
Alterations of the Erythrocytes in the Animals Receiving Hemoglobin, and 
in the Control Animals 
In Text-fig. 2 are presented the blood studies of an animal considered 
to be typical of the group which received daily  injections of hemoglobin. 
A total of 495 cc. of blood was removed from this animal over a period 
of 44 days.  During that time a total of 596 cc. of a stroma-free hemo- 
globin solution was administered by subcutaneous injection.  On the 
44th day accidental death occurred. D. I(. MILLER  AND  C.  P.  ILKOADS  337 
At the beginning of the experiment the blood levels of this animal 
were as follows: R. B. C. 6,100,000,  hemoglobin 91 per cent, M. C. V. 
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"I~XT-FIO. 2. The blood studies of a typical animal of the treated group. 
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TExT-FIG. 3. The blood studies of a typical animal of the control group. 
0.610,  color index 0.740.  During the first 10 days of the experiment 
the red count and hemoglobin levels fell abruptly while the M. C. V. 338  ERYTIZROPOIESIS  AND  ERYTHROCYTE  SIZE 
and color index did not vary appreciably.  However, during the 2nd 
week the color index rose to 1.01 and the M. C. V. to 0.980.  It was 
difficult to maintain the blood of this rabbit at a hemoglobin level of 
50 per cent.  The anemia obtained during the experiment was repre- 
sented by an average erythrocyte level of 3,000,000  and a hemoglobin 
content of 55 per cent.  The mean corpuscular volume and color index 
were consequently higher after the first 10 days than they were at the 
beginning of the experiment.  At the death of the animal the blood 
levels  were: R.  B.  C.  1,850,000,  hemoglobin  38 per cent, M.  C.  V. 
0.870,  color index  1.03. 
The results of the blood studies of a control animal are presented in 
Text-fig. 3.  A total of 235 cc. of blood was removed by cardiac punc- 
ture from this animal over a period of 42 days.  This animal received 
no  hemoglobin  solution  and  accidental  death  occurred  on  the 
42nd day.  The blood levels at the beginning of the experiment were: 
R. B. C. 5,950,000,  hemoglobin 90 per cenh M. C. V. 0.675,  color index 
0.755.  Thus the blood elements of this control animal and those of 
the treated one presented above were at similar levels at the outset. 
As in the case of the treated animal the red count and hemoglobin 
of this rabbit dropped rapidly during the first  10  days, whereas the 
M. C. V. and color index did not change appreciably.  On the 10th day 
the blood elements of the two animals were at approximately equal 
levels.  However, after the 2nd week the color index and M. C. V. of 
the control animal fell gradually.  During the remainder of the ex- 
periment the blood levels were considerably lower than they were at 
the beginning.  The average hemoglobin level was 45 per cent and the 
erythrocyte count 3,500,000.  At the death of the animal the blood 
levels were: R.B.C. 3,900,000,  hemoglobin 40 per cent, M. C.V. 0.610, 
color index 0.512. 
Thus in the treated animal an anemia was produced in which the 
size of the red blood cell and the color index were greater than normal, 
whereas in the control animal an anemia was produced in which the 
size of the red blood cell and the color index were less than normal. 
The weekly average blood studies of the animals of both groups are 
presented in Table I.  At the beginning of the experiment the average 
red  cell counts  and hemoglobin levels of the  treated animals were 
higher than those of the control animals.  However, the mean corpus- D.  K.  MILLER  AND  C.  P.  RHOADS  339 
cular volumes and the color indices of both groups of animals were 
approximately the same.  During the course of the experiment the 
average hemoglobin levels of the treated animals were consistently 
higher than those of the controls.  The lowest average hemoglobin 
level of the former group was 53 per cent, while that of the latter group 
was 42 per cent.  This dissimilarity of the hemoglobin levels of the 
two groups of animals was due to the great difficulty in maintaining 
the desired grade of anemia of the treated animals, although they were 
subjected to a blood loss which was far greater than that of the con- 
trol  animals.  The  average erythrocyte counts of all  animals were 
approximately equal until the 4th week.  After that time the average 
TABLE  I 
Combined Averages of Blood Studies for Each Week 
Weeks 
.B.C. in 
ajected 
nimals 
dllions 
5.76 
5.38 
3.82 
4.03 
3.45 
3.01 
3.37 
..B.C. i 
control 
mimal,, 
nilliom 
4.69 
3.98 
3.72 
3.66 
3.53 
3.80 
3.54 
Hemo- 
globin in 
injected 
animals 
per ce~ 
91 
90 
53 
59 
56 
55 
55 
Hemo- 
globin in 
control 
animals  i 
72 
59 
48 
4-3 
4,3 
52 
,t2 
vI.C.V, i: 
injected 
animals 
G.}Z 
0.645 
0.580 
0.697 
0.802 
0.884 
0.941 
0.875 
vI.C.V, i 
control 
animals 
0.645 
0.676 
0.643 
0. 741 
0.681 
0. 706 
0.714 
Color 
index in 
injected 
animals 
0. 798 
0.802 
0.808 
0. 756 
0.858 
0.917 
0,830 
Color 
index in 
control 
animals 
0.771 
0.754 
0.666 
0.745 
0.622 
0.683 
0.654 
red cell counts of the treated rabbits were lower than those of the con- 
trol  animals and  so  remained throughout the  experiment.  Hence, 
during the latter part of the study the experimental anemia in the 
animals which received hemoglobin was characterized by lower red 
cell counts and higher hemoglobin levels than were found in the anemia 
of the control animals. 
The average mean corpuscular volumes of the two groups of animals 
are presented for each week of the experiment in Text-fig. 4, and in 
Table I.  At the beginning of the experiment the average mean cor- 
puscular volumes of each group of animals was 0.645.  During the 
2nd week the average size of the cell of the treated animals began to 
increase.  This increase in cell size continued until the 5th week when 340  ERYTttP.OPOIESIS  AND  EP.YTI=YROCYTE  SIZE 
it had reached a level of 0.941.  During the 5th week it fell to 0.875. 
Meanwhile,  the  average  mean  corpuscular  volume  of  the  control 
animals increased very little throughout the course of the study.  The 
highest level obtained in these animals was 0.741  at the 3rd week. 
However, it must be pointed out that there was an actual increase in 
the average cell size of the untreated rabbits.  At the 6th week the 
average increase in the size of the red blood cell of the treated animals 
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was 36 per cent, while that of the control animals was  10 per cent. 
Thus there was a steady increase in the size of the erythrocytes of all 
the animals,  although it was much greater in those which received 
injections of hemoglobin. 
The average color indices of the two groups of animals for each week 
are presented in Text-fig. 5  and Table  I.  At the beginning of the 
experiment the average color index of the treated animals was 0.798. D.  K.  MILLER  AND  C.  P.  RHOADS  341 
There was no appreciable change in the color index of these rabbits 
until after the 3rd week, when it increased steadily until it reached its 
highest level at the 5th week.  This level was 0.917.  At the end of 
the  experiment  the  average  color index of these animals  was 0.830. 
In contrast  to these results are the levels of the color indices of the 
control  animals.  At  the  beginning  of  the  experiment  the  average 
color index of these animals was 0.771.  During the entire experiment 
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the  average  color indices of this  group  were always lower than  the 
original  levels.  At  the  termination  of the  experiment  the  average 
color  index was 0.654.  Thus,  whereas an  average increase of 4  per 
cent occurred in the color indices of the treated animals,  a decrease of 
15 per cent occurred in those of the control animals. 
To  summarize:  In the treated animals an anemia was produced  in 
which  the  average cell  size and  the average  color index were higher 342  ERYTHlZ0POIESIS  AND  ERYTHROCYTE  SIZE 
than were the original levels.  The anemia in the control animals on 
the other hand  was marked by an average cell  size and color index 
strikingly lower than were those of the treated animals.  Also in the 
treated animals the erythrocyte counts were lower and the hemoglobin 
levels were higher than those of the control animals.  This occurred 
in spite of the much greater loss of blood to which the treated animals 
were subjected. 
Alterations in the Marrows of Hemoglobin Replacement and Non- 
Replacement Animals 
The femoral marrow of the normal rabbit is a reddish gray in color. 
Microscopically  it is very fatty and fairly acellular (Fig. 1).  On higher 
magnification, it is seen to contain larg  e fat spaces surrounded by cellu- 
lar elements which for the most part are adult erythrocytes and normo- 
blasts, with a limited number of young undifferentiated ceils.  White 
blood ceils are present, the predominating cell of this series being the 
eosinophil and the eosinophilic myelocyte. 
The marrows of the control rabbits were redder in the gross, and 
histologically more active than were those of normal animals.  Fat 
spaces were still numerous, but there was a moderate increase in cellu- 
larity (Fig. 2).  Higher magnification showed many nucleated red ceils 
or normoblasts.  There were numerous ceils ordinarily classed as eryth- 
roblasts because of their basophilic cytoplasm and nuclei containing 
fairly heavy masses of chromatin.  There were more leukocytes than 
are seen in the marrows of normal animals.  Myelocytes were fairly 
numerous.  The blood spaces were open and contained mature eryth- 
rocytes.  The  distinguishing  features  between  these  marrows  and 
the normal were:  (1)  fewer fat spaces,  (2)  many more normoblasts, 
(3)  numerous erythroblasts,  (4)  white cell hyperplasia. 
In brief, the marrows of the control animals were more active than 
normal, the hyperplasia being normoblastic and erythroblastic accom- 
panied by an inGreased number of myelocytes. 
The femoral marrows of the animals receiving hemoglobin presented 
a striking contrast to those just described (Fig. 3).  They were deep red 
in color, solid,  and  extremely cellular.  The  venous  sinusoids were 
narrow and compressed.  The spaces normally filled with fat were 
almost entirely replaced by collections of large ceils with basophilic D.  K.  MILLER  AND  C.  P.  RHOADS  343 
cytoplasm.  Very fewmature erythrocyteswere  present.  By high mag- 
nification, the predominating cell was seen to be one with a moderately 
basophilic cytoplasm of somewhat variable contour and size  (Fig. 4). 
The nuclei were large and were vesicular, with a loosely arranged net- 
work of chromatin.  Mitotic figures were occasionally seen.  These 
cells were considered to be late erythroblasts or megaloblasts, accord- 
ing to the classification of Peabody (2).  Numerous erythroblasts were 
present.  Normoblasts were fewer than in the control marrows.  A 
moderate hyperplasia of cells of the myelocytic series was apparent. 
The most striking features differentiating these marrows from those 
of the controls were (1) the solid packing of cells leaving very few fat 
spaces, (2) the relativescarcity of adult erythrocytes, (3) the relative 
decrease in numbers of normoblasts,  (4)  the frequent occurrence of 
megaloblasts,  (5)  the presence of mitotic figures. 
It may be pointed out that the marrows of the rabbits which received 
the stroma-free hemoglobin solution were similar in some respects to 
those of patients  with pernicious anemia.  They were hyperplastic, 
with erythropoiesis predominant at the earlier stages as evidenced by 
the  frequent  occurrence  of  megaloblasts  and  erythroblasts.  The 
activity of the marrows of the control animals was similar to  that 
seen in chronic anemias associated with loss of blood.  The predomi- 
nant cells were the normoblast and late erythroblast. 
DISCUSSION 
As pointed out by McMaster and Haessler (4), one striking feature 
of the experimental results is the enormously increased hematopoiesis 
in the treated animals over that seen in the control group.  Since the 
material used in treatment was a hemoglobin solution which had been 
freed from stroma, no known source of new cell framework was sup- 
plied.  These facts indicate that the animal body possesses  a  large 
reserve of stroma-building material under the experimental conditions 
observed.  In spite of the greater withdrawal of blood, the animals in 
the treated series maintained a  blood hemoglobin level higher than 
that  of  the  controls.  The  erythrocyte count,  on  the  other  hand, 
tended to be lower than in the controls.  This disproportion between 
hemoglobin values and numbers of erythrocytes resulted in an increase 
of the color index and was paralleled by an increase in the mean cor- 344  ERYTIIROPOIESIS  AND  ERYTHROCYTE  SIZE 
puscular volume of the erythrocytes.  Since the average cell size was 
greater in the treated animals,  the increased hemoglobin content of 
the cell was not due to a  concentration of pigment, but to a  greater 
amount of pigment-containing cell stroma.  This phenomenon of in- 
creased cell size and hemoglobin content is seen in the so called mac- 
rocytic anemia of sprue and pernicious anemia.  In these conditions 
an excess of pigment,  bilirubin,  is present in the blood stream.  It 
disappears when effective therapy has been instituted and improve- 
ment in blood values established.  It would appear that in the clinical 
macrocytic anemias the function of erythrocyte stroma formation is 
specifically exhausted and pigment metabolism not interfered with. 
Hence, in an endeavor to meet the metabolic demand for oxygen, a 
larger cell is  formed containing more hemoglobin than normal.  In 
the experiments described, an analogous situation has been established 
by attempting  to  exhaust  the  cell  stroma-building material of the 
body and supplying pigment in excess.  Changes in size and hemoglo- 
bin content of the erythrocytes analogous to those found in macro- 
cytic anemia in human beings were induced. 
In the microcytic anemias of human beings, relieved by iron and in 
part due to an iron deficiency, the cell size is small and its content of 
hemoglobin low.  It is suggested that the causal mechanism of these 
changes is the reverse of that just discussed.  Here cell stroma forma- 
tion is relatively uninhibited and pigment supply is lacking.  In an 
endeavor by the body to  compensate,  a  large number of cells  are 
formed which  contain  relatively little  hemoglobin.  Here  again,  a 
somewhat analogous condition developed in the experimental animals 
which were untreated.  The color index fell during the experiment. 
The mean corpuscular volume did not decrease proportionately.  This 
apparent discrepancy may be explained, in part at least, by the per- 
sistently moderately elevated reticulocyte counts obtained  in  both 
groups of animals. 
No essential difference in the rate of reticulocyte production was 
observed in the two groups of animals.  From that observation it is 
clear that the difference in erythrocyte size seen in the two groups was 
not due to a variation in the rate of reticulocyte production. 
The difference between the histological picture of the bone marrows 
of the two experimental groups was most striking.  The greater pro- D.  K.  MILLER  AND  C.  P.  RHOADS  345 
portion of erythroblasts and megaloblasts seen in the marrows of the 
treated animals was similar in some respects to the marrow change in 
the macrocytic anemia of human  beings.  This  suggests that  under 
circumstances of lack of stroma-forming material, as in the macrocytic 
anemias of human beings or of excessive drain  on  stroma  formation 
as in the experiments described, the marrow tends to assume a younger 
cell  type.  The  objection may be  raised  that  the  difference in  the 
rate of erythropoiesis explained the variations in the histological pic- 
tures of the marrows of the two groups.  It must be recalled that the 
difference in hematopoietic rate was due to treatment with hemoglobin 
plus the stimulus of anemia.  The marrow histology in the untreated 
animals was of a type seen in anemia in human beings following pro- 
longed loss of blood.  Though  hematopoietic  activity  was  present, 
the cell type was different and furthermore the degree of cellular hy- 
perplasia was enormously greater in the treated group. 
SU~ ANY 
1.  An anemia characterized by increased size of the red blood cells 
and a  high color index was produced in rabbits by repeated bleeding 
and  by the  subcutaneous injection  of  stroma-free  hemoglobin  solu- 
tion. 
2.  The bone marrow of these rabbits reverted to a  more primitive 
stage than  did the marrows of rabbits rendered  anemic in  the  same 
manner but not treated with hemoglobin. 
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EXPLANATION OF PLATES 
PLATE 21 
FIG.  1.  The  femoral  bone  marrow  of a  normal  rabbit  showing  numerous  fat 
spaces and a  fairly acellular marrow.  X  300. 
FIG.  2.  The  femoral bone marrow  of a  control  rabbit  showing relatively few 
fat spaces and many normoblasts.  X  300. 
PLATE 22 
Fxo.  3.  The femoral bone marrow  of a  treated rabbit  showing a  very cellular 
tissue with absence of fat spaces.  ×  300. 
FIG. 4.  The same marrow as Fig. 3, under higher power with very few normo- 
blasts  and  several megaloblasts.  ×  1000. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE VOL.  59  PLATE 21 
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